The paper considers analytical solutions for the determination of the steel reinforcement cross section in uniaxial bending analysis of reinforcement concrete T cross-sections. Due to a discrete change in the width of the web section caused by the flanges the analysis procedures for T cross sections essentially deviate from the analysis of a rectangular cross section. The paper considers all possible locations of the neutral axis implementing the most detailed design stress-strain relationship for the concrete: the parabola-rectangular diagram. For all five cases that appear according to the position of the neutral axis, the paper presents analytical expressions for the computation of the required cross section of the reinforcements A s) .
INTRODUCTION AND MOTIVATION
The uniaxial bending analysis of T cross sections and the bending analysis of rectangular cross sections are both based on the assumption of Bernoulli's-hypothesis (all adjacent plane cross sections remain plane during loading). However, the analysis procedures for T cross sections deviate from the analysis of a rectangular cross section due to a discrete change in the width of the web section caused by the flanges. If the neutral axis in the flexural analysis lies within the flanges, the flexural design follows the same steps as for a rectangular cross section of flange width because the area of concrete below the neutral axis is considered to be cracked and so it does not contribute to the fulfillment of static equilibrium.
However, when the neutral axis lies within the web, it is possible to implement the approach where the complete concrete cross section under compression is separated into two virtual rectangular parts. When implementing this approach it is necessary to evaluate the required partial characteristic results of the compression zones of both virtual sections very precisely because the final design resistance of the actual 259 Volume 19, No. 4, 2009 
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cross section in compression is the result of the difference of high values. Although the described procedure can be practically applied in the determination of the required reinforcement in the uniaxial bending analysis of T cross sections, the separation into two virtual sections does not offer a clear insight into the computational procedure.
To make the analysis procedure more universal for various types of cross sections, the fullness factor a vaverage value of concrete stresses in the bending compression zone a m , related to the design value of concrete strength f c j; and the related distance of the concrete compression force k a from the stronger compressed edge of the compressive cross section, are introduced. These two factors must be determined for each type of the cross section separately, and they can be further implemented in a universal iterative procedure for the determination of the steel cross section. However, because the stress-strain diagram is not described by a single mathematical function, several expressions for ct v and k a coefficients for each cross section must be obtained. For T cross section accordingly five possibilities exist that result from the value of the maximal strain in concrete e c2 that appears in the more strongly compressed edge of the compressive zone.
If the maximum strain in the concrete is smaller than |E C | <2.0 %o, the stresses in the concrete are assumed to have only a parabolic distribution, which represents the first case. If the compressive stresses in the top compressed edge exceed the value of E c =2.0 %o, the stress-strain relation is described by the parabola for the strains below 6 C =2.0 %o, and the stresses are constant for strains over 6 C =2.0 %o. The margin between the two mathematical descriptions is thus |s c | =2.0 %o. This is the motive to distinguish two further cases according to the position of the fibre with the strain C c =2.0 %o: either within the flange or within the web.
For all five cases mentioned, the analytical expressions for coefficients a v and k a are already known 121.
Although the universal iterative approach yields accurate solutions, it might be time consuming as in some cases more than 200 iterations are required. To avoid this, the paper presents direct analytical solutions for the determination of the steel reinforcement cross section of a T cross section under uniaxial bending implementing the most detailed design stress-strain relationship for the concrete: the parabola-rectangular diagram.
ANALYSIS FOUNDATIONS

Symbols and notations
All notations considering the dimensions of a T cross sections used in the paper are in accordance with in the Eurocode 2 standard III and are presented in Figure 1 . 
Stress-strain diagram for concrete
EC2 allows the utilization of three different stress-strain design diagrams for concrete: simple rectangle, bilinear diagram and the parabola-rectangular diagram, which is also the most detailed and used through the paper. The margin between the parabolic stress distribution and constant value of stress lies at the strains e c =2.0 %o in compression, regardless of the compressive strength of the concrete. Maximal compressive strain for concrete in bending analysis is limited to 6 C =3.5 %o in compression.
Basic assumptions for flexural analysis process
The uniaxial bending analysis of T cross sections is, like the bending analysis of rectangular cross sections, based on the assumption of Bernoulli's-hypothesis (all adjacent plane cross sections remain plane As a consequence of strains, stresses develop in the deformed region. In the concrete below the neutral axis, which is considered to be cracked, stresses cannot develop and so this area does not contribute to the fulfillment of static equilibrium. Therefore the cracked concrete is replaced by the steel reinforcement.
Derivation of expressions for static equilibrium
In the uniaxial bending analysis the Τ cross section is subjected to design value of bending moment MS<J.
As a consequence the strains over the cross section are developed further yielding stresses in concrete above neutral axis and stresses in steel below the neutral axis. These stresses must balance the bending moment M S d
and also preserve the equilibrium of axial forces. These stresses are often replaced by their resultants, i.e. by F s , representing the sum of stresses in steel reinforcement, and F c , representing the sum of stresses in compressed concrete zone.
The design mathematical distribution of stresses in the concrete cross section depends on the value of strains at the more strongly compressed edge of the compressive zone e c2 . Depending on the value of allowed applied strain e c2 , the distribution of stresses over the concrete is either parabola-rectangular or either parabola. Therefore for a simple rectangular cross section just two cases must be considered separately (ε £2 < 2.0 %o and 2.0 %o < ε ο2 < 3.5 %o).
However, the analysis procedures for Τ cross sections deviate from the analysis of a rectangular cross section due to a discrete change in the width of the web section caused by the flanges. This results in the fact that each of the two cases mentioned for the rectangular cross sections is further divided into subcases, yielding a total of five situations.
PROCEDURE FOR THE DETERMINATION OF REQUIRED REINFORCEMENT A s ,
The required reinforcement cross section Α,,ι must satisfy both equilibriums: the of axial forces and simultaneously the equilibrium of bending moments. Equilibrium of axial forces can be written as: Equation (1) is valid for all types of cross sections and also for all values of the applied strain e c2 when corresponding coefficients ot v and k a with the adequate expression for A cc are implemented.
Equilibrium of bending moments must be preserved for an arbitrary point. The most frequently used points are the centre of reinforcements:
and the centre of the force F c
where ζ is the lever arm of internal forces,
The equations (2) and (3) are actually the same equation, just written in two different forms. The problem thus reduces to determination of several unknowns that must satisfy two equilibrium equations. If the dimensions of the Τ cross section are given (which is the most frequent case) and the position of the reinforcement d is selected (d<h and according to the minimum concrete cover and other requirements), the remaining unknowns are s sl , e c2 and A sl .
To solve the problem while only two equations are available one of the unknowns is chosen within allowed limits. As the reinforcement cross section A s) is directly related to stresses in the steel a s) that further depend on the value of strains in the steel ε 5 ,, this unknown cannot be selected and must be determined as the last one. In the engineering analysis the value of strains in concrete e c2 is usually selected for economic reasons and the strains in steel ε,ι are afterwards computed. The position of the neutral axis x, which appears in coefficients ct v and k a can be expressed as a product of the relative depth of the compressive zone ξ with the effective depth of the cross section d:
Introducing equation (4) as well the corresponding coefficients a v and k a for each considered case in Equation (1) 5) where coefficients a,,, HI, a 2 , a 3 and a 4 differ for each case. Among several mathematical solutions of Eq. (5), only one has engineering meaning. From the computed value of the relative depth of the compress! ve zone ξ and initially selected value of strains ε ς2 it is possible to evaluate the strains in steel reinforcement ε 4) as:
The actual stress in reinforcement a s) is afterwards computed depending on the value of strains in steel e s) .
EC2 assumes two types of bilinear stress-strain distributions. In the type I a constant value of stresses corresponds to the strains higher than the steel design yield strain e yd that differs for each steel grade. Thus if the strains in steel E S] are higher than design yield strain e yd the stress in steel is equal to the design yield stress, which also depends on the steel grade. If the strains in steel e sl are below the design yield strain e yd the value of stress if obtained by linear interpolation.
Finally, the required cross section of reinforcement A s) is computed from the bending moments equilibrium -Equation (3) as: (7, where the level arm of the internal forces is calculated as: 1 (8)
CASE I: STRAINS ε α <, 2.0 %o
In this case solely the parabola describes the stresses in the concrete and thus only two subcases have to be considered according to the position of the neutral axis -whether it lies inside the flange or inside the web.
Neutral axis lies inside the web: x>hf
The corresponding coefficients from Equation (5) 
Neutral axis lies inside the web: x>hf with bordering strain in flange
The corresponding coefficients from Equation (5) are: The relative depth of the compressive zone is computed with Equation (10) implementing symbols from Equations (11).
Neutral axis lies inside the web: x>hf with bordering strain in web
In this case the equilibrium of axial forces reduces into the polynomial of second degree: α 0 +α,·ξ + 3 2 ·ξ 2 =0 (13) with the corresponding coefficients are:
The relative depth of the compressive zone is computed as:
A /a, 2 -4-a 0 .a 2 -a,
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Neutral axis lies inside the flange: x<hf
As the concrete below the neutral axis is considered to be cracked it does not contribute to equilibrium.
Therefore the part of the flange below the neutral axis does not affect the computation of relative depth of the compressive zone and the well known expression for rectangular cross section can be implemented.
CONCLUSIONS
The uniaxial bending analysis of T cross sections based on the assumption of Bernoulli's-hypothesis according to the EC2 standard was considered implementing the most detailed design stress-strain relationship for the concrete: the parabola-rectangular diagram.
Based on previously developed analytical expressions for coefficients ccv and k a for all considered cases, direct analytical solutions were presented for the computation of the required steel cross section A s , from the equations resulting from equilibrium conditions. The inclusion of potential design stresses in the web yields accurate analysis and thus more optimal selection of reinforcement.
Numerical examples (due to the lack of space not presented) have confirmed the correctness of the presented solution as a comparison of the results obtained when implementing presented equations with the results from the iterative solutions shows total agreement.
As all the expressions are given in closed analytical form they represent a very suitable form for computer programs.
